Abstract: Codon usage bias, which exists in many genomes, is mainly determined by mutation and selection. To elucidate the genetic features and evolutionary history of herbaceous peony (Paeonia lactiflora), a well-known symbol of prosperity in China, we examined synonymous codon usage in 24,216 reconstructed genes from the P. lactiflora transcriptome. The mean GC content was 44.4%, indicating that the nucleotide content of P. lactiflora genes is slightly AT rich and GC poor. The P. lactiflora genome has a wide range of GC3 (GC content at the third synonymous codon position) distribution, with a significant correlation between GC12 and GC3. ENC (effective number of codons) analysis suggested that mutational bias played a major role in shaping codon usage. Parity Rule 2 (PR2) analysis revealed that GC and AU were not used proportionally. We identified 22 "optimal codons", most ending with an A or U. Our results suggested that nucleotide composition mutation bias and translational selection were the main driving factors of codon usage bias in P. lactiflora. These results lay the foundation for exploring the evolutionary mechanisms and heterologous expression of functionally-important proteins in P. lactiflora.
Introduction
The genetic code is degenerate (64 codons for 20 amino acids and the termination signal), with most amino acids encoded by two to six synonymous codons used at different frequencies, a phenomenon known as codon usage bias (CUB) [1] . Many factors influence codon usage in various organisms, such as natural selection (e.g., gene expression level, tRNA abundance, protein length, gene translation initiation signals and protein structure) and mutational pressure (e.g., GC content, mutation frequency and pattern), as well as random genetic drift [2] [3] [4] . Codon usage bias plays an important role in predicting the optimum host of exogenous genes and can be used to improve the expression levels of exogenous genes via codon optimization. Codon usage also provides clues about the evolution of different organisms, as well as their environmental adaptation [5] .
Genome-wide investigations of codon usage patterns have greatly contributed to our understanding of the basic features of the molecular organization in genomes. To date, most reports about CUB have focused on unicellular and model organisms, such as Escherichia coli [6] , yeast [7] , Chlamydiae, Spirochaete [8] , Caenorhabditis, Drosophila, Arabidopsis [9] , Giardia lamblia [10] , Entamoeba histolytica [11] and Borrelia burgdorferi [12] . By contrast, few studies have focused on plant species, such as Paeonia lactiflora (herbaceous peony). P. lactiflora is a kind of traditional flower in China belonging to the Paeoniaceae family that is a well-known symbol of prosperity. Ornamental plants have broad market appeal, as they stimulate the senses and influence the psychology of consumers [13] . However, since the genome sequence of P. lactiflora has still not been released, it is difficult to investigate codon usage bias in this species.
Transcriptome sequencing (RNA-Seq) is a highly-efficient, commonly-used research method based on next-generation sequencing technology [14] . We previously obtained transcriptome data for P. lactiflora using RNA-Seq analysis, leading to the identification of 61,408 unigenes [15] . In the current study, to further analyze the codon usage patterns in the P. lactiflora genome, we investigated the codon usage profile of P. lactiflora through analysis of the transcriptome data using multivariate statistical analysis. We analyzed the nucleotide composition of coding sequences from the P. lactiflora genome, followed by correlation analysis of various factors that influence codon usage bias. The results of this study help elucidate the mechanism underlying the molecular evolution of this species, while providing a theoretical basis for improving the expression levels of exogenous genes by codon optimization.
Experimental Section

Transcriptome Data
Due to the lack of a complete genome sequence for P. lactiflora, in this study, 61,408 unigenes previously obtained by transcriptome sequencing were investigated. Based on BLAST (Basic Local Alignment Search Tool) analysis against six public databases, 37,511 unigenes were annotated, including 35,972 in the Non-Redundant Protein database (NR), 30, 199 in the Non-Redundant Nucleotide database (NT), 26,674 in the Gene Ontology database (GO), 22,655 in the Swiss-Prot protein database (Swiss-Prot), 20,294 in the Kyoto Encyclopedia of Genes and Genomes database (KEGG) and 13,089 in the Cluster of Orthologous Groups of proteins database (COG). Among all annotated unigenes, a total of 33,281 CDS (coding sequences) were obtained by the BLASTx algorithm [16] . When a unigene was unaligned with any of these databases, ESTScan software was used to determine its sequence direction [17] .
To improve the quality of sequences and to minimize sampling errors, all CDS less than 300 bp in length were filtered out. The final sequence collection, containing 24,216 CDS, was used for further analyses.
Indices of Codon Usage
ENC (effective number of codons), which provides useful estimates of absolute codon bias, is a measure that identifies the overall codon use bias for a certain gene. ENC values range from 20 (when only one synonymous codon is chosen by the corresponding amino acid) to 61 (when all synonymous codons are used equally); the lower the ENC value for a single gene, the stronger the overall codon usage bias for this gene [18] [19] . The overall GC content, especially the GC3 (GC content at the third position), frequently reflects the strength of directional mutation. RSCU (Relative Synonymous Codon Usage) is an index used to study the overall synonymous codon usage variation among genes [3] . If the RSCU value for a particular codon is equal to 1.0, this codon was chosen equally and randomly. Codons with RSCU values greater than 1.0 have positive codon usage bias, while those with value less than 1.0 have relatively negative codon usage bias. CAI (Codon Adaptation Index) is used to estimate the extent of bias toward codons that are known to be preferred in highly-expressed genes [20] . The higher the CAI value (within a range of 0-1), the stronger the codon usage bias. All CAI values in all 24,216 CDS were assessed using the CodonW program (http://codonw.sourceforge.net) [21] .
Neutrality Plot
The neutrality plot is an analytical method used to measure codon usage patterns. In this study, the GC contents at the first, second and third codon positions (GC1, GC2 and GC3, respectively) were analyzed. GC12 represents the average of GC1 and GC2; GC12 and GC3 were used for neutrality plot analysis. In neutrality plots, if the correlation between GC12 and GC3 is statistically significant and the slope of the regression line is close to 1, mutation bias is assumed to be the main force shaping codon usage. Conversely, selection against mutation bias can lead to a narrow distribution of GC content and a lack of correlation between GC12 and GC3 [22] .
ENC Plot
The ENC-GC3s plot is widely used to determine whether the codon usage of a gene is affected by mutation and selection [18] . An ENC plot is drawn using the ENC value as the ordinate and the GC3 value as the abscissa. When the corresponding points fall near the expected curve, mutation is the main force shaping codon usage. When the corresponding points fall considerably below the expected curve, selection is the main force shaping codon usage.
Determination of Optimal Codons
Based on the calculated CAI values, 5% of the genes with extremely high and low CAI values were regarded as the high and low datasets, respectively [23] . Codon usage was compared between groups using the chi-square contingency test. Codons whose frequency of usage was significantly higher (p < 0.01) in highly-expressed genes than those with low levels of expression were defined as optimal codons.
Correspondence Analysis
The relationships between variables and samples can be explored using multivariate statistical analysis. Correspondence analysis (COA) was performed on RSCU values using CodonW to compare the intra-genomic variation of 59 informative codons partitioned along 59 orthogonal axes (excluding Met, Trp and stop codons) [24] .
PR2-Bias Plot Analysis
The nucleotide compositions of the third codon position (A3, U3, C3 and G3) were calculated, and the AU-bias (A3/(A3 + U3)) and GC-bias (G3/(G3 + C3)) were analyzed. Parity Rule 2 (PR2) bias was detected based on the value of AT-bias (A3/(A3 + T3)) as the ordinate and GC-bias (G3/(G3 + C3)) as the abscissa [25] . 
Statistical Analysis
Results and Discussion
Nucleotide Contents of Genes in P. lactiflora
Codon usage bias for a single type of codon is greatly influenced by the overall nucleotide content of the genome [26] . Therefore, we firstly analyzed the nucleotide composition of coding sequences (CDS) from the P. lactiflora genome. In the P. lactiflora genome, the A nucleotide content ranged from 11.0%-59.9% (mean = 28.44%; SD = 3.64%); the T nucleotide content ranged from 2.6%-58.9% (mean = 27.16%; SD = 3.64%); the C nucleotide content ranged from 3.0%-57.0% (mean = 20.31%; SD = 4.11%); and the G nucleotide content ranged from 3.7%-51.5% (mean = 24.08%; SD = 3.17%). To further examine the nucleotide distribution, we investigated the GC and GC3 contents of reconstructed genes. The GC contents of reconstructed genes ranged from 24.6%-73.6%, with a standard deviation (SD) of 3.91, with most values between 35% and 45% ( Figure 1 ). The mean value of GC contents for the reconstructed genes was 44.4%, suggesting that genes in the P. lactiflora genome are slightly AT rich and GC poor. The GC content at three codon positions (GC1, GC2 and GC3) was 0.383, 0.304 and 0.418, respectively, demonstrating that the GC content at the third position is different from that at the first and second positions. The GC content at GC1 was extremely close to that at GC2, and the GC content at GC3 was the highest among codon positions. The results from this initial nucleotide composition analysis suggested that A/U-ending codons might be preferred over G/C-ending codons in the P. lactiflora genome.
Neutrality analysis is a useful way to reveal the relationship between GC12 and GC3 and to examine the role of mutation: selection equilibrium in shaping the CUB. To analyze the relationships among the three codon positions, we constructed neutrality plots (GC12 vs. GC3) for the P. lactiflora genome. We found that P. lactiflora genes had a wide range of GC3 values (5.1-91.6) and that there was a significant correlation between GC12 and GC3 (r = í0.03, p < 0.01; Figure 2 and Table 1 ), suggesting that mutational pressure probably influences codon usage bias in the P. lactiflora genome. 
Relative Synonymous Codon Usage Analysis of the P. lactiflora Genome
To determine the patterns of synonymous codon usage and to what extent A/U-ending codons might be preferred, we performed Relative Synonymous Codon Usage (RSCU) analysis and calculated the RSCU values. Among the 27 most abundantly-used codons in the P. lactiflora genome, 23 (GCU, AAU, GAU, UGU, GGU, CAU, AUU, CUU, GCA, AGA, CAA, GAA, GGA, UUU, CCA, CCU, AGU, UCA, UCU, ACA, ACU, UAU and GUU) were A/U-ending codons (A-ending: eight; U-ending: 15), and the remaining four (AGG, UUG, AAG and GUG) were G-ending codons; none of the preferred codons were C-ending. These results suggested that compositional limitations played an integral role in the codon usage patterns of P. lactiflora. 
Determination of Codon Usage Bias Based on ENC
The effective number of codons (ENC) is widely used to measure the codon bias levels of individual genes. The ENC values of the reconstructed genes ranged from 14-61, indicating that there are significant differences in codon bias among these genes. To elucidate the relationship between nucleotide composition and codon bias in P. lactiflora sequences, we plotted ENC and GC3s, thereby exploring the main features of codon usage among genes [18] . As shown in Figure 3 , most points were aggregated close to the expected ENC curve, although there were some points with low ENC below the expected curve, indicating that in addition to mutational pressure, the codon usage patterns are also influenced by other factors (e.g., translational selection) to some extent. ENC is plotted against GC content at the third codon position. The expected ENC from GC3 is shown as a standard curve.
To obtain a more accurate estimate of the differences between observed and expected ENC values, we calculated (ENCexp-ENCobs)/ENCexp. As shown in Figure 4 , the peak (ENCexp-ENCobs)/ENCexp value was 0-0.1, and most genes had (ENCexp-ENCobs)/ENCexp values of í0.1-0.3, indicating that most genes have ENCs slightly different from the expected ENC values based on their GC3s. Therefore, most genes have observed ENCs close to the expected ENC based on GC3s, although a significant number have much lower observed ENCs. 
Correspondence Analysis
Since codon usage is multivariate by nature, it is important to analyze codon usage data using multivariate statistical techniques, such as correspondence analysis (COA) [24] . We determined that the four main contributors were Axis 1, Axis 2, Axis 3 and Axis 4. The first two main dimensional coordinates, Axis 1 and Axis 2, explain 20.55% and 13.99% of the total variance, respectively, while Axis 3 and Axis 4 explain 12.24% and 11.45% of variance, respectively, indicating that the first axis is the major contributor to codon bias. To illustrate the effects of the GC contents of genes on codon usage bias, the GC contents of genes are color-coded on the plot ( Figure 5 ). Genes with a GC of 60% were plotted as red triangles, while genes with a GC less-than 45% were plotted as green dots. Blue dots indicated genes with a GC content between 45% and 60%. The results showed that high and low GC contents of genes could be separated along the primary axis. Figure 6 shows the separation of different base-ending codons along the two axes. The separation of codons on the first axis appears to be largely due to frequency differences between G/C-and A/T-ending codons.
To identify the main contributors to codon bias, we calculated the correlations among the most important indices (Table 1 ). Significant correlations were found among indices. Axis 1 showed significant correlations between GC3, Codon Adaptation Index (CAI) and ENC (r = 0.758, p < 0.01; r = 0.293, p < 0.01; r = 0.022, p < 0.01), suggesting that the base composition for mutation bias (r = 0.758) and translational selection (r = 0.293) might have an impact on codon bias. Correspondence analysis of codon usage patterns: the distribution of genes is shown along the first and second axes. Note: red, green and blue dots indicate genes with G + C content greater than or equal to 60%, greater than or equal to 45%, but less than 60%, and less than 45%, respectively. 
PR2-Bias Plot Analysis
To investigate whether the biased codon choices are restricted to highly-biased protein-coding genes, we analyzed the association between purines (A and G) and pyrimidines (C and T) in four-codon amino acid families by a Parity Rule 2 (PR2) bias plot [27] , finding that G and T are used more frequently than A and C in P. lactiflora. Differences between C/G and A/T contents were commonly observed in most protein-coding genes, suggesting that mutation bias mainly contributes to codon bias.
Effects of Gene Expression Level and Encoded Protein Length on Synonymous Codon Usage Bias
CAI is commonly used as a predictor of gene expression level [28] [29] . To explore the correlation between codon usage bias and gene expression level in P. lactiflora, we calculated the correlation coefficient between CAI and nucleotide composition/ENC. As shown in Figure 7 and Table 1 , we identified one significantly negative correlation between the gene expression level assessed by CAI and ENC values (r = í0.405, p < 0.01), as well as two significantly positive correlations between the CAI value and GC3s and GC content (r = 0.330 and 0.124, respectively, p < 0.01).
Correlation analyses between protein length and Axis 1 coordinates, ENC and CAI values showed that these values are significantly correlated, with correlation coefficients of r = í0.077, 0.906 and í0.438, respectively (p < 0.01; Figures 8 and 9 ), suggesting that in general, more biased genes with shorter lengths have higher expression levels. 
Optimal Codons
The average RSCU values of sample groups of genes with high/low expression levels are listed in Table 2 . We determined that 22 codons were optimal codons; these codons were significantly more frequent among the highly-expressed genes (p < 0.01) according to the chi-square test. Most optimal codons (except GCC, UGC, AUC, UUC, CCC, UCC, UCG, UAC and GUG) end with an A or T, suggesting that codon usage in P. lactiflora is biased to A-or U-ending synonymous codons.
In this study, we analyzed the codon usage patterns in P. lactiflora based on a transcriptome dataset from P. lactiflora derived by deep sequencing. We excluded CDS with gaps and those less than 300 bp in size, yielding 24,216 reconstructed genes from a total of 61,408 non-redundant unigene sequences. We used FrameDP and BLASTx to generate training sequences and calculated training matrices, which greatly improved the quality of the sequences. To date, the whole P. lactiflora genome has not been sequenced. Therefore, our reconstruction of 24,216 genes comprises a representative sample of P. lactiflora for codon usage analysis. Codon usage bias is an important, complex phenomenon that continues to evolve. Previous studies have focused on the relationship between gene expression and CUB in prokaryotic organisms and lower eukaryotes [30] . Subsequent studies have focused on CUB in mammals and plants, as well as the relationship between CUB, gene expression patterns and molecular evolution [5] . From a theoretical viewpoint, synonymous codon usage patterns at least partially account for mutation: selection equilibrium between various synonymous codons in specific organisms [31] . While mutation and selection are the main forces shaping codon usage, many other factors also influence CUB, including gene expression [32] , nucleotide compositional constraint [33] , GC content [34] , RNA structure [35] , protein length and structure [36] , intron length [37] , and so on. In the current study, we found that mutational pressure is responsible for nucleotide composition in shaping the strength of codon usage; meanwhile, translational selection mediated by gene expression level was also the main factor shaping the codon usage pattern. Nucleotide composition is one of the most important factors shaping codon usage among genes and genomes. The synonymous codon usage bias responds to the AT-or GC-rich content of the genome, while the third position of a codon is considered to be the most likely position reflecting genome base composition. Recently, GC-rich organisms, such as Triticum aestivum, Hordeum vulgare and Oryza sativa [38] , have been shown to prefer to use G or C at the third position. Moreover, AT-rich organisms show a preference for A or T at the third position, such as Plasmodium falciparum, Schistosoma and Mycoplasma capricolum [39] [40] [41] . The mean GC (44.4%) and GC3 (41.8%) contents of the P. lactiflora genome, as determined in the current study, suggest that this genome is slightly A + T rich, and the overall codon usage is biased toward A-and T-ending codons.
Neutrality analysis revealed a significant correlation between GC12 and GC3 in the P. lactiflora genome, which indicates that the nucleotide composition of the third codon position (GC3) is slightly different from that of the first and second codon positions. Moreover, the nucleotide at the third codon position has been strongly influenced by mutational pressure. Finally, the first axis (the major contributor to codon bias) was significantly correlated with GC3 (r = 0.758, p < 0.01), further suggesting that mutational pressure (r = 0.758) probably plays an important role in codon usage bias in the P. lactiflora genome.
The ENC plot revealed the expected positions of genes whose codon usage was only determined based on variations in GC3 content. Most of the corresponding points were located near the solid curve of this distribution, whereas only a few points considerably departed from this curve, which indicates that the codon usage of most P. lactiflora genes is influenced by mutation, and only a few genes are influenced by selection. CAI is widely used to examine the expression levels of genes and is considered to be a well-accepted measure of natural selection [28, 29] . Correlation analyses between the first axis and CAI values showed a significant correlation (r = 0.293, p < 0.01), further suggesting that translational selection also influences the codon usage bias of the P. lactiflora genome to some extent. We investigated whether the codon usage of P. lactiflora genes was also subject to other factors, finding that the ENC value of each gene is significantly correlated with its GC3 content, GC content, protein length and CAI value. These findings indicate that nucleotide composition, protein length and gene expression level shape synonymous codon usage bias in P. lactiflora.
In this study, 22 codons were identified as optimal codons. Most of the optimal codons in the P. lactiflora genome end with an A or T, which is similar to the pattern observed in other eukaryotic genomes, such as Plasmodium falciparum [39] , Schistosoma [40] and Mycoplasma capricolum [41] . These results provide a useful reference for genetic engineering and evolutionary studies.
Conclusions
We investigated the pattern of codon usage bias in the P. lactiflora genome, as well as its causative factors. The mean GC content (44.4%) and GC3 (41.8%) in the P. lactiflora genome indicate that the nucleotide content of genes is slightly AT rich and GC poor, and overall codon usage is biased toward A-and T-ending codons. We found that the codon usage pattern in P. lactiflora genome was significantly (p < 0.01) influenced by major factors, such as nucleotide composition mutation (r = 0.758) and translational selection (r = 0.293). In addition, 22 optimal codons were identified, all of which ended with either an A or T residue. These findings will be useful for cloning and expressing exogenous genes in this plant. In conclusion, a series of comprehensive analyses of synonymous codon usage patterns has provided a basic understanding of the mechanisms underlying codon usage in P. lactiflora. This information could be helpful in future investigations of evolutionary mechanisms in P. lactiflora, as well as gene cloning and heterologous expression of functionally-important proteins.
